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Introduction {#sec0005}
============

Antibodies provide an essential line of defense against infectious diseases. The incidence and severity of infectious diseases are markedly increased in patients suffering from genetic deficiencies impairing antibody production \[[@bib0005]\]. The differentiation of antibody-secreting cells (ASC) is linked to B cell proliferation, epigenome remodeling, and the expression of transcription factors driving the functional plasma cell state \[[@bib0010]\]. Different ASC subtypes can be distinguished depending on their lifespan and degree of differentiation. Plasmablasts are less mature, proliferative, and short-lived, while plasma cells are more differentiated, do not divide, and can persist for a lifetime in dedicated niches \[[@bib0015]\]. In this review, we use the term plasmocyte as a general descriptor for ASC, including both plasmablasts and plasma cells. The durability of some non-dividing plasma cells might explain the remarkable persistence of serum antibody titers towards vaccine antigens, which for instance can reach half-lives up to 3014 years for measles \[[@bib0020]\]. It has long been considered that the unique function of plasmocytes (including plasmablasts and plasma cells) was to produce antibodies. However, recent studies demonstrated that some plasmocytes could produce cytokines with either pro- or anti-inflammatory functions including interleukin(IL)-10 \[[@bib0025],[@bib0030]\]. The loss of suppressive plasmocytes might explain why some patients with immune-deficiencies also often present with an increased incidence of immune-mediated diseases. For instance, patients with common variable immune deficiencies (CVID) have an increased incidence of autoimmune manifestations including autoimmune cytopenia \[[@bib0035]\]. The exploration of this possibility requires the better characterization of anti-inflammatory plasmocytes. This review discusses the identification of a novel subset of regulatory plasma cells in mice.

The role of plasmocytes as mediators of immune suppression {#sec0010}
==========================================================

B cells necessitate stimulatory signals to acquire immune suppressive activities, including activation via the B cell receptor for antigen (BCR), CD40, Toll-like receptors (TLR), and receptors for cytokines \[[@bib0040],[@bib0045], [@bib0050], [@bib0055],[@bib0060]\]. Their suppressive effect also depends on their expression of the transcription factors IRF4 and BLIMP-1 *in vivo*, which directly stimulate *Il10* transcription. For instance, IRF4 binds to the conserved noncoding sequence (CNS) 9 located upstream of the *Il10* transcription start \[[@bib0065]\], and is important for the induction of IL-10 in B cells stimulated by the M2 protein of the murine gammaherpes virus 68 \[[@bib0070]\]. These transcription factors are well-known for their crucial role in ASC formation \[[@bib0010]\], and no B cell has been described so far that expresses elevated levels of BLIMP-1 and IRF4 that is not a plasmocyte. This establishes a molecular link between *Il10* expression and plasmocyte differentiation. Accordingly, plasmocytes were identified as the major source of B cell-derived IL-10 *in vivo* in autoimmune, malignant, and infectious diseases \[[@bib0040],[@bib0065],[@bib0075], [@bib0080], [@bib0085]\]. The suppressive function of plasmocytes is further emphasized by the observation of a distinct subset of regulatory plasmocytes characterized by the expression of IL-35 \[[@bib0040]\]. IL-10 and IL-35 from plasmocytes suppress immunity by acting on myeloid cells and T lymphocytes \[[@bib0030]\]. The identification of the anti-inflammatory activities of plasmocytes might explain why some antibody deficiencies are associated with defects in immune regulation, and immune-mediated pathologies.

Induced and natural regulatory plasmocytes {#sec0015}
==========================================

The finding that plasmocytes are a major source of B cell-derived IL-10 *in vivo* in immune mice asks for the identification of their precursor in the naïve immune system.

Several B cell subsets in naïve mice can give rise to IL-10-producing progeny *in vitro*, in particular those carrying high levels of surface CD1d including marginal zone and transitional T2-like B cells, as well as B cells that do not necessarily have this characteristic including B1a and Tim-1^hi^ B cells \[[@bib0090], [@bib0095], [@bib0100]\]. These B cells can exert suppressive functions in an IL-10-dependent manner in recipient mice upon adoptive transfer, yet the phenotype of the B cells expressing IL-10 and actually achieving suppression *in vivo* in the recipient is not defined. In particular, it is not known whether they can produce IL-10 and suppress immunity *in vivo* without differentiating into ASC. These B cell subsets might therefore be a source of induced IL-10-expressing plasmocytes *in vivo*.

The existence of a *bona fide* IL-10-producing regulatory B cell subset, defined as a homogenous population exclusively having suppressive function has yet to be established. The B cell populations so far described as competent for IL-10 expression are in fact heterogenous since only a small fraction of these cells upregulate IL-10 after activation, even when strong pharmacological agents such as phorbol 12-myristate 13-acetate and ionomycin are used in addition to the B cell stimulus. To be defined as a natural regulatory population, a cell subset should display a rapid and homogenous upregulation of IL-10 expression upon stimulation *in vivo*, while maintaining its phenotypic identity. Immune responses associated with the rapid elicitation of IL-10 expression in B lineage cells appear well-suited to identify such natural regulatory B cell subset. IL-10-expressing B lineage cells appear within less than 24 hours post-infection (p.i.) in the spleen of mice challenged with the Gram-negative bacterial pathogen *Salmonella typhimurium* \[[@bib0075]\]. These IL-10-expressing B lineage cells were all found among CD138^hi^ plasmocytes, yet only a fraction of the CD138^hi^ cells in the spleen of infected mice expressed IL-10 \[[@bib0075]\]. The characterization of IL-10^+^CD138^hi^ cells through genome-wide transcriptomics revealed that they distinctively expressed the inhibitory receptor lymphocyte-activation gene 3 (LAG-3) in comparison to IL-10^−^CD138^hi^ cells \[[@bib0105]\]. IL-10^+^LAG-3^+^CD138^hi^ cells represented a homogenous population because LAG-3 was expressed at the surface of more than 80% of IL-10^+^CD138^hi^ cells in the spleen of infected mice, and IL-10 displayed a homogenous expression within LAG-3^+^CD138^hi^ cells \[[@bib0105]\]. Thus, LAG-3 identifies IL-10^+^CD138^hi^ cells. This is striking because LAG-3 was previously identified as a marker for IL-10-producing CD4^+^ Tr1 cells in mouse and human \[[@bib0110],[@bib0115]\]. Tr1 cells are characterized by the expression of BLIMP-1 and c-Maf as well as Ahr \[[@bib0120]\]. Considering the role of BLIMP-1 in B cell-mediated immune regulation, it is plausible that a shared molecular mechanism controls both IL-10^+^ regulatory plasmocytes and CD4^+^ Tr1 cells. IL-10^+^LAG-3^+^CD138^hi^ cells were in a non-proliferating state, displayed a plasmacytoid morphology, and constitutively produced antibodies, thus qualifying as plasma cells rather than plasmablasts \[[@bib0105]\].

The presence of non-proliferating IL-10^+^LAG-3^+^CD138^hi^ plasma cells at day 1 p.i. is intriguing because B cells normally require to proliferate over several days in order to differentiate into plasma cells. Accordingly, IL-10^+^LAG-3^+^CD138^hi^ plasma cells did not develop from B cells, but instead from pre-existing LAG-3^+^CD138^hi^ cells that were already present in the spleen of naïve mice, including germ-free mice, yet did not express IL-10 before immune challenge \[[@bib0105]\]. The relation of ontogeny between IL-10^−^LAG-3^+^CD138^hi^ cells from naïve mice and IL-10^+^LAG-3^+^CD138^hi^ cells from infected mice was corroborated by the similitude of their BCR repertoire and DNA methylome, which differed from the one's of LAG-3^−^CD138^hi^ and IL-10^−^CD138^hi^ ASC. Noteworthy, their epigenome was specialized for *Il10* expression: LAG-3^+^CD138^hi^ cells from naïve mice displayed the lowest degree of CpG DNA methylation at the *Il10* locus compared to all the other subsets of B cells and plasmocytes found in naïve mice. Accordingly, the induction of IL-10 expression in splenic LAG-3^+^CD138^hi^ cells was remarkably rapid p.i., being significant already at 3 hours p.i. and reaching a peak at 12 p.i. while these cells were not dividing. Based on their pre-existence in naïve mice, including germ-free mice, their distinctive epigenome, their rapid and homogenous upregulation of IL-10 expression, as well as the global maintenance of their phenotypic characteristics upon IL-10 expression, LAG-3^+^CD138^hi^ cells fulfill the requirement to be defined as a natural regulatory plasma cell subset.

In sum, IL-10-producing plasmocytes can derive from natural regulatory plasma cells that pre-exist in the naïve repertoire, as well as from activated competent B cell subsets. These induced regulatory plasmocytes are likely to appear and act later during the course of the response compared to natural regulatory plasma cells. It is also likely that they have a different antigen-reactivity profile.

Signals implicated in the development of natural regulatory plasma cells {#sec0020}
========================================================================

The presence of LAG-3^+^CD138^hi^ plasma cells in the naïve mouse, including in those kept under germ-free condition, suggests an endogenous response directed towards self-antigens.

The BCR controls the differentiation of LAG-3^+^CD138^hi^ cells. These cells are almost completely absent in mice deficient for the Bruton tyrosine kinase (Btk), which is essential for BCR signaling \[[@bib0125]\], and their numbers are profoundly reduced in mice lacking CD19, the major co-receptor for the phosphoinositide 3-kinase (PI3K) signaling of the BCR \[[@bib0130]\]. In contrast, they are more abundant in mice lacking the BCR inhibitory co-receptor CD72 \[[@bib0105]\]. LAG-3^+^CD138^hi^ cells have a distinct BCR repertoire compared to LAG-3^−^CD138^hi^ cells. They contain the majority of the plasmocytes expressing the VH11^+^Vk14^+^ BCR otherwise found on B1a cells, and that recognizes phosphatidylcholine (PtC). However, LAG-3^+^CD138^hi^ cells do not contain any VH12^+^ cells, while VH12^+^ BCR are found on B1a cells at frequency similar to VH11^+^ BCR. Different BCR therefore have different capacities to generate these cells, as also shown by the fact that mice in which all B cells carry a single BCR display an altered frequency of LAG-3^+^CD138^hi^ cells compared to controls. Several B cell subsets (not only B1a cells) can generate LAG-3^+^CD138^hi^ cell *in vivo* \[[@bib0105]\]. The differentiation of B cells into LAG-3^+^CD138^hi^ plasma cells is therefore an antigen-driven process controlled by the BCR at steady state.

In contrast to the necessity of BCR signals, CD40 and TLR signaling were dispensable for the formation of LAG-3^+^CD138^hi^ cells at steady state. Considering that CD40 is necessary for efficient T:B cell cooperation as well as immunity towards T-cell dependent antigen, and that TLR signaling is mandatory for response to T-independent type 1 antigens, this suggests that T-independent type 2 (TI-2) antigens, which can trigger plasma cell differentiation independently of cognate T:B cell interaction and TLR signaling, might play an important role in the differentiation of LAG-3^+^CD138^hi^ cells at steady state. TI-2 antigens are good candidates to trigger an endogenous plasma cell response at steady state, when the availability of activated antigen-specific CD4^+^ T helper cells or TLR agonists are likely to be low. As further support to this notion, some immunization protocols can induce long-lived TI-2-antigen specific plasma cells expressing membrane IgM, and capable of expressing IL-10 upon stimulation \[[@bib0135]\], alike LAG-3^+^CD138^hi^ cells.

What could be the function of regulatory plasma cells targeting endogenous TI-2 antigens? The maintenance of immunological tolerance towards endogenous TI-2 antigens that would become available only sporadically, for instance during acute tissue damage, might represent a challenge, because such antigens might be present in too low amount under normal physiological condition to induce clonal deletion or anergy in specific B cell clones. Immunity towards such antigens would not be controlled by T cell-mediated mechanisms of dominant tolerance because TI-2 antigens are not visible to CD4^+^Foxp3^+^ T regulatory cells or other suppressive T cell subsets. The function of LAG-3^+^CD138^hi^ cells might thus be to provide a mechanism of dominant immune regulation towards endogenous TI-2 antigens. These cells regulate humoral immunity because a lack of LAG-3 expression on these cells led to the development of stronger humoral immunity after immunization \[[@bib0105]\]. The exploration of this notion will require the identification of endogenous TI-2 antigens and of the antigens recognized by LAG-3^+^CD138^hi^ cells.

Natural regulatory plasma cells: an interface between the immune system and damaged cells? {#sec0025}
==========================================================================================

The characterization of the BCR repertoire of LAG-3^+^CD138^hi^ cells led to some first clues on the antigens they recognize. Indeed, LAG-3^+^CD138^hi^ cells distinctively express the PtC-reactive VH11^+^Vk14^+^ antibody, which is present on about 1.5--2% of these cells and absent from LAG-3^−^CD138^hi^ cells \[[@bib0105]\]. This antibody is known to bind to apoptotic cells and damaged red blood cells \[[@bib0140]\], establishing a link between the development of LAG-3^+^CD138^hi^ cells and the recognition damaged cells such as apoptotic and senescent cells as well as aged red blood cells. LAG-3^+^CD138^hi^ cells also differentially express other molecules associated with the handling of apoptotic cells including *Sirp1α* and *Nr4a1* (also called Nur77) \[[@bib0105]\]. Sirp1α recognizes the broadly expressed surface molecule CD47 that prevents the phagocytosis of healthy cells including healthy red blood cells \[[@bib0145],[@bib0150]\]. The nuclear receptor Nr4a1 is involved in the anti-inflammatory effect of apoptotic cells \[[@bib0155]\]. Collectively, this literature suggests that LAG-3^+^CD138^hi^ cells are at the interface of the immune system and damaged cells, including apoptotic bodies that constitute an important source of autoantigens \[[@bib0160]\].

This observation extends previous findings that associated B cell-mediated regulation with the recognition and clearance of apoptotic cells. This was for instance documented in a model of ulcerative colitis that spontaneously developed in TCRα-deficient mice. Mice that additionally lacked B cells developed an exacerbated form of this disease associated with an increased accumulation of apoptotic cells in the spleen, mesenteric lymph node, and colon of these mice, compared to their B cell-sufficient counterpart \[[@bib0165]\]. B cells contributed to the clearance of these apoptotic cells through the production of antibodies, and could be functionally replaced by the transfer of antibodies. The administration of a mixture of five monoclonal autoantibodies reacting towards colonic cells was sufficient to improve the course of colitis in TCRα-deficient mice lacking B cells \[[@bib0165]\]. The link between B cell-mediated immune regulation and apoptotic cells is underlined by the observation that the expression of TIM-1, a cell surface receptor that binds phosphatidylserine on the surface of apoptotic cells \[[@bib0170]\], identifies a subset of B cells with an increased competence for IL-10 production \[[@bib0100]\]. Finally, B cells contribute to the suppressive effect of apoptotic cells administered in recipient mice \[[@bib0175]\].

Conclusions {#sec0030}
===========

The identification of natural regulatory plasma cells provides a new light on B cell-mediated regulatory activities. In particular, it shows that this form of immune regulation is part of the natural function of the immune system because LAG-3^+^CD138^hi^ cells develop at steady state independently of any immune challenge. They accumulate in spleen, bone marrow, and mesenteric lymph nodes where they constitutively produce antibodies that might help to remove cell debris. They constitutively express IL-10 in bone marrow, where they display an enrichment in VH11^+^Vk14^+^ cells. This might be related to the role of the bone marrow in the removal of damaged red blood cells, and as a hematopoietic organ. Further studies shall aim at defining the function of these cells at steady state, at determining their immune reactivity profile, and at elucidating whether a human counterpart exists. To this end, we have developed mice enabling the constitutive or inducible ablation of LAG-3^+^ cells by introducing the sequences coding for the diphteria toxin A, or diphteria toxin receptor, respectively, in the *Lag3* gene. These sequences are preceded by a STOP cassette flanked by two LoxP sites, so that their expression can be restricted to LAG-3-expressing cells of the B (or T) cell lineage using appropriate Cre-expressing mouse lines.
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